Using photoelectron imaging spectroscopy, we characterized the anion of methylglyoxal (X 2 A electronic state) and three lowest electronic states of the neutral methylglyoxal molecule: the closed-shell singlet ground state (X 1 A ), the lowest triplet state (a 3 A ), and the open-shell singlet state (A 1 A ). The adiabatic electron affinity (EA) of the ground state, EA(X 1 A ) = 0.87(1) eV, spectroscopically determined for the first time, compares to 1.10(2) eV for unsubstituted glyoxal. The EAs (adiabatic attachment energies) of two excited states of methylglyoxal were also determined: EA(a 3 A ) = 3.27(2) eV and EA(A 1 A ) = 3.614(9) eV. The photodetachment of the anion to each of these two states produces the neutral species near the respective structural equilibria; hence, the a 3 A ← X 2 A and A 1 A ← X 2 A photodetachment transitions are dominated by intense peaks at their respective origins. The lowest-energy photodetachment transition, on the other hand, involves significant geometry relaxation in the X 1 A state, which corresponds to a 60 • internal rotation of the methyl group, compared to the anion structure. Accordingly, the X 1 A ← X 2 A transition is characterized as a broad, congested band, whose vertical detachment energy, VDE = 1.20 (4) 
I. INTRODUCTION

Methylglyoxal (MG), OHCC(CH
)O, is one of the small dicarbonyls with important roles in atmospheric chemistry. This work investigates the properties of methylglyoxal (MG) in comparison to its unsubstituted precursor-glyoxal (G), OHCCHO. 1 Although both G and MG are but minor components of Earth's atmosphere, their significant contributions to the chemistry of volatile organic compounds make them important players in the environment. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Despite their relative importance and rather elementary structures, some of the most fundamental properties of the G and MG molecules and their anions have remained unknown or poorly defined. Only recently, the adiabatic electron affinity (EA) of glyoxal was determined directly using anion photoelectron spectroscopy: EA(G) = 1.10(2) eV. 1 This result is recommended to replace the only previous experimental (but indirect) estimate 12 of 0.62 (26) eV, still cited in most chemistry databases. 13 For methylglyoxal, no attempts to measure its electron affinity have been reported to date. In 1980, Rawlings and Davidson estimated the EA of MG theoretically. Specifically, they obtained a restricted Hartree-Fock estimate of EA(G) ∼0.9 eV for unsubstituted glyoxal. 14 Then, based on the comparison to similar methyl-group substitutions, they proposed that the EA(MG) should be ∼0.2 eV lower than the above EA(G) value, thus arriving at an estimate of EA(MG) ∼0.7 eV. In the present work, we report a robust experimental determination of the EA(MG) = 0.87(1) eV. a) Email: sanov@u.arizona.edu
The photochemistry and excited states of MG have received more attention than its anion. Previous laser-induced phosphorescence and fluorescence studies have identified the lowest triplet state of MG adiabatically 2.414 eV above the ground state 15 and the lowest excited singlet adiabatically 2.743 eV above the ground state. 16 In the present work, we compare these singlet-triplet and singlet-singlet splittings to the corresponding band intervals in the photoelectron spectrum of the MG anion.
In what follows, anion photoelectron imaging spectroscopy is used to probe the ground (closed-shell singlet X 1 A ) and two excited (lowest triplet a 3 A and open-shell singlet A 1 A ) electronic states of methylglyoxal, accessed from the corresponding radical anion, MG (X 2 A ). We report the first experimental determinations of the EA of MG in the ground and excited electronic states. The experimental results are supported by ab initio calculations and Franck-Condon simulations and provide insight into the electronic structure of methylglyoxal, in both neutral and anion states.
II. EXPERIMENTAL AND THEORETICAL METHODS
The experiments were performed using a custom-built anion photoelectron imaging spectrometer described previously. 17, 18 The methylglyoxal solution (40% by weight in water) was first partially dehydrated using 3 Å molecular sieves with a 1:1 volume ratio for at least 24 h, until the solution turned yellowish. Unlike our previous experience with glyoxal, 1, 19, 20 the methylglyoxal solution did not require any methanol solvent to be extracted from the sieve mixture-it was simply decanted.
The resulting solution was placed in a sample holder connected to the instrument's ion source chamber. The sample had sufficient vapor pressure at room temperature, so no heating was required. Sample vapor was seeded in an N 2 O carrier gas with a backing pressure of 20 psi. The resulting mixture was expanded into the source chamber through a pulsed supersonic nozzle (General Valve, Inc., Series 9), operated at a 20 Hz repetition rate matching that of the laser. The supersonic expansion was crossed with a collimated beam of 1 keV electrons from an electron gun. Anions were formed by attachment of slow secondary electrons in the electron-impact ionized plasma. 21 Anions were extracted into the flight tube of a linear Wiley-McLaren time-of-flight mass-spectrometer, 22 where they were accelerated to a kinetic energy of 2.5 keV, mass selected, and interrogated by ∼7 ns duration laser pulses in the detection region of the instrument. 17, 18 The 812, 612, and 306 nm light was obtained as the fundamental or frequencydoubled output of a Continuum, Inc. ND6000 dye laser pumped by a Surelite II Nd:YAG. The laser pulses were timed to interact only with the anions of a mass-to-charge ratio m/z = 72 (MG). Photoelectrons were velocity-mapped 23 in the direction perpendicular to the ion and laser beams and projected onto a 40 mm diameter dual microchannel-plate detector, coupled to a P43 phosphor screen. Photoelectron impact positions were recorded by a thermoelectrically cooled chargecoupled-device camera. Images were typically accumulated for ∼10 6 experimental cycles. The complete three-dimensional photoelectron distribution was reconstructed via an inverse Abel transformation 24 implemented in the BASEX program. 25 The resulting radial distributions were converted to photoelectron spectra using the known O photodetachment transitions for calibration. 26, 27 Electronic structure calculations and geometry optimizations were performed using the Q-Chem 4.0 software package. 28 Details of the calculations are described in Sec. IV. In brief, geometry optimizations were performed using coupled-cluster theory with single and double excitations (CCSD). Vertical energy gaps between different electronic states at the CCSD-optimized geometry of the anion were determined using single-point calculations employing the equation-of-motion (EOM) ionization-potential (IP), electronaffinity (EA), and spin-flip (SF) methodologies, 29 combined with coupled-cluster theory. In some cases, the EOM calculations were extended to include the non-iterative perturbative diagonal triples (dT) corrections 30 to the CCSD energies. All calculations employed Dunning's augmented correlationconsistent basis set of triple-ζ quality (aug-cc-pVTZ).
In addition, the CCSD/aug-cc-pVTZ optimized geometries and vibrational frequencies 31 were used for the normal mode analysis as part of the Franck-Condon (FC) simulation of MG anion photodetachment to the triplet neutral state. The FC simulation was carried out using the PESCAL 2010 software, with the normal modes treated as uncoupled harmonic oscillators with full Duschinsky rotation using the Chen method. 32, 33 
III. EXPERIMENTAL RESULTS
The anion photoelectron images and corresponding spectra of MG obtained at 812, 612, and 306 nm are shown in Figure 1 . The 612 nm MG spectrum in (a) is presented in comparison with the previously reported 532 nm anion photoelectron spectrum of unsubstituted glyoxal (G). 1 For the ease of comparison, all spectra are plotted on the electron binding energy (eBE) scale, defined as eBE = hν eKE, where hν is the photon energy and eKE is electron kinetic energy.
In Figure 1 Table II and the  text for details. from the ground state of the anion (X 2 A ) to the ground state of neutral MG (X 1 A ). The 812 nm MG spectrum in Figure 1 (a) exhibits a clearly identifiable-if only partially resolvedorigin peak of band A, corresponding to the electron affinity (as discussed later in this section).
Band maxima in broad and congested photodetachment transitions generally correspond to vertical detachment energies (VDEs). The width of band A is due to the significant geometry change between the corresponding anion and neutral equilibria. Based on the band's maximum in the 612 nm MG spectrum in Figure 1 (a), we assign the VDE for the X 1 A ← X 2 A transition as 1.20 (4) eV. This value is indicated with the dashed vertical line traversing both Figures 1(a) and 1(b). Note that the shift of the band's maximum in the 812 nm spectrum relative to 612 nm is attributed to the centrifugal-barrier suppression of the slow-electron signal in anion photodetachment 34 in the relative proximity of the photon energy cutoff. The 612 nm peak position may also be affected by a similar shift, but to a smaller degree (as it is farther from the spectral cutoff) and is hence neglected here.
In addition to band A, two higher-energy transitions are seen in the 306 nm spectrum in Figure 1 (b). In comparison to band A, both of these transitions are characterized by less congested and sharper bands. Band B is assigned to the lowest triplet state of MG, a 3 A . The first and most intense peak of this feature is also its origin, identified as the 0-0 vibrational transition. This assignment is confirmed by the Franck-Condon analysis in Sec. IV C. The adiabatic detachment energy from the anion to the triplet, i.e., electron affinity of the triplet, is determined from the Franck-Condon modeling of this peak as EA(a 3 A ) = 3.27(2) eV. The even-higher-eBE feature in Figure 1(b) , labeled C, is assigned to the first excited singlet state of MG, A 1 A , with an EA(A 1 A ) = 3.614(9) eV, determined directly from the spectral feature.
We take advantage of the sharp origins of photodetachment bands B and C, in conjunction with the known singletsinglet and singlet-triplet excitation energies in the neutral, to obtain an accurate and precise determination of the adiabatic EA of the ground state of MG. Specifically, the adiabatic energy gap between the ground and first excited singlet states in MG was previously determined to be 22 125(1.5) cm 1 (2.743 eV), using A 1 A ← X 1 A fluorescence excitation spectroscopy. 16 Subtracting this gap from EA(A 1 A ) = 3.614(9) eV, as determined above, we obtain the electron affinity of the ground state, EA(X 1 A ) = 0.871(9) eV. Similarly, the origin of the a 3 A ← X 1 A transition in MG was observed at 5136 Å (2.414 eV). 15 Subtracting this value of the singlet-triplet splitting from the above EA of the triplet, EA(a 3 A ) = 3.27(2) eV, yields EA(X 1 A ) = 0.86(2) eV.
The two values, EA(X 1 A ) = 0.871(9) eV and 0.86(2) eV, represent direct spectroscopic determinations of adiabatic electron affinity of MG, using different combinations of photoelectron, fluorescence, and phosphorescence spectroscopies. The two results are consistent with each other and with the partially resolved leading peak of band A in the 812 nm spectrum in Figure 1(a) . From these determinations, we assign the electron affinity of MG as EA(X 1 A ) = 0.87(1) eV. The inset in Figure 1(a) shows the result of modeling the band's leading peak with Gaussian functions, assuming this EA value. The agreement between the model and experimental features is excellent.
In comparison to EA = 0.87(1) eV for MG, the EA of unsubstituted glyoxal was recently measured using the same experimental methodology to be 1.10(2) eV. 1 The methyl group has a destabilizing effect on the anion, lowering the EA of MG relative to that of unsubstituted glyoxal. This observation confirms the qualitative prediction of Rawlings and Davidson 14 and indicates that unsubstituted glyoxal is a more capable electron acceptor in charge-transfer reactions, compared to methylglyoxal.
IV. EXPERIMENT VS. THEORY A. Equilibrium structures and adiabatic electron affinities
The structures of the MG anion (X 2 A ), the neutral closed-shell singlet ground state (X 1 A ), and the lowest triplet state (a 3 A ) were optimized at the CCSD level of theory with the aug-cc-pVTZ basis set using Q-Chem. The resulting structures are shown in Figure 2 , while the corresponding geometric parameters are summarized in Table I . As seen in Figure 2 , the anion and triplet structures are remarkably similar, while the ground-state singlet differs mainly by an internal rotation of the methyl group of about 60 • .
The anion structure maximizes the anionic hydrogen interactions of the O atom closest to the methyl group with two of its hydrogens (O2-H3 and O2-H4, as labeled in Figure 2) , while the third H interacts with the farther removed O atom (O1-H2). This motif is energetically more favorable in the anion, compared to the alternative structure of the ground neutral state. The distinct triplet vs. ground-state singlet structural motifs are   FIG. 2 . The optimized minimum-energy structures of the MG anion (X 2 A ) and the neutral in the X 1 A and a 3 A electronic states. The corresponding geometric parameters are reported in Table I. TABLE I . Geometric parameters defining the equilibrium geometries of the methylglyoxal anion in the X 2 A state and the neutral methylglyoxal molecule in the X 1 A and a 3 A states, represented pictorially in Figure 2 . The structures were optimized using CCSD/aug-cc-pVTZ. The bond lengths are in Angstroms, while the angles are in degrees. Bold emphasis: neutral parameters exhibiting significant deviations from the anion geometry (at least 0.05 Å or 3 • ). Electronic energies relative to the anion structures (i.e., the adiabatic electron affinities) are also given and compared to the experimental values.
Parameter
Anion (2) consistent with the past results of laser-induced phosphorescence spectroscopy, which show that the triplet transition has a characteristic vibrational progression, indicating an internal rotation of the methyl group in the triplet equilibrium relative to the ground-state singlet. 15, 16 The nominal electron configurations corresponding to these electronic states (as well as the first excited singlet state) are included in Table II . The key molecular orbitals (MOs) defining the differences between the states, namely the 16a and 4a MOs, are presented in Figure 3 . The iso-surfaces shown correspond specifically to the 16a -α (HOMO1) and the 4a -α HOMO of the CCSD/aug-cc-pVTZ anion reference at the geometry of the anion and also provide qualitative descriptions of the corresponding MOs in the neutral states and structures.
As seen in Figure 3 , the 16a and 4a MOs are both delocalized over the molecular frame but have significant C1-C2 bonding characters. Hence, the addition of an electron to 4a shortens the bond in the anion [X 2 A : . . .(3a ) 2 (16a ) 2 (4a ) 1 vs. X 1 A : . . .(3a ) 2 (16a ) 2 ]. This contributes to the dissimilarity of the anion and ground-state neutral structures, in addition to the internal rotation of the methyl group. Comparing 16a and 4a , the latter orbital has greater electron density along the C1-C2 bond, resulting in a shortening of this bond not only in the anion but also in the triplet [a 3 A : . . .(3a ) 2 (16a ) 1 2 ]. In addition to the similar orientations of the methyl group, this effect contributes to the similarity of the triplet and anion structures. These qualitative arguments are in agreement with the optimized geometric parameters in Table I. Given the predicted structures, one expects a broad and congested band for anion photodetachment to the singlet ground state of the neutral, attributed to the significant geometry difference with the anion, and a sharper transition for the triplet, whose geometry is similar to that of the anion. These expectations are confirmed by the broad feature A (ground-state singlet) and narrow feature B (triplet) in the anion photoelectron spectra of MG in Figure 1 .
The CCSD energies (excluding the zero-point vibrational energy corrections) of the optimized anion, singlet, and triplet structures are included in Table I , as are the X 1 A and a 3 A adiabatic EAs, calculated as the differences between the corresponding neutral and anion energies (∆E-CCSD). Using the ∆E-CCSD approach, the EA of the X 1 A state of MG is predicted to be 0.759 eV, which should be compared to the origin of band A in the 812 nm MG spectrum in Figure 1 (a) at 0.87(1) eV. The EA of the a 3 A state is predicted to be 3.504 eV, compared to 3.27(2) eV determined from band B in Figure 1(b) .
B. Vertical energy gaps between the anion and neutral states
We now compare the observed spectral bands to the vertical detachment energies predicted for the transitions to the X 1 A , a 3 A , and A 1 A neutral states of MG. As seen from the electron configurations of the four states included in the analysis (Table II) , only the X 1 A state has a closed-shell structure; all others, including the first excited singlet (A 1 A ) , are open-shell structures.
The following theoretical methods were used to determine the VDEs. First, the VDEs were obtained using the ∆E-CCSD methodology, i.e. by calculating the difference of the neutral and anion CCSD energies, both determined at the geometry of the anion. Although the ∆E-CCSD approach is commonly used, it is deficient in that these calculations do not treat the anion and the neutral on an equal footing: different reference wave functions are used in each case. Other calculations carried out in the present work employed the equation-of-motion coupled-cluster methods. Different variants of this methodology allow for accurate calculations of excitation energies by describing various pairs of electronic states (e.g., anion and neutral, ground and excited) in a consistent manner, using the same reference. 29 The first EOM method used here is EOM-EA-CCSDan "electron affinity" (EA) calculation, adding an electron to the closed-shell X 1 A : . . .(3a ) 2 (16a ) 2 neutral reference. The second is EOM-IP-CCSD-an "ionization potential" (IP) calculation, removing either an α or a β electron from the X 2 A : . . .(3a ) 2 (16a ) 2 (4a ) 1 anion reference. Unlike ∆E-CCSD, the EOM-EA-CCSD and EOM-IP-CCSD methods each treat the anion and the neutral using the same reference (X 1 A for EA and X 2 A for IP). The EOM-IP-CCSD calculations were extended to include the diagonal triples (dT) corrections 30 to the CCSD energies, achieving the EOM-IP-CCSD(dT) level of theory. Due to the excessive computational cost of dT TABLE II. Properties of the anion and neutral MG states at the CCSD/aug-cc-pVTZ optimized geometry of the anion, determined using the methods indicated. All calculations used the aug-cc-pVTZ basis set. See the text for details. The computed results are compared to the corresponding experimental band positions (from Figure 1) 
a Obtained by subtracting the 2.047 eV singlet-triplet vertical energy gap (at the anion geometry), calculated using EOM-SF-CCSD, from the VDE = 3.396 eV corresponding to the triplet state, calculated using EOM-IP-CCSD(dT). b Narrow peak maxima assumed to represent both the adiabatic and vertical energy gaps between the anion and neutral states of similar equilibrium geometries. c Obtained by adding the 0.317 eV vertical energy gap between the a 3 A and A 1 A states (at the anion geometry), calculated using EOM-SF-CCSD, to the VDE = 3.396 eV corresponding to the a 3 A state, calculated using EOM-IP-CCSD(dT).
corrections, they were not attempted for other types of EOM calculations described in this work. Finally, we employed an aggregate method. The vertical gaps between the X 1 A , a 3 A , and A 1 A neutral states were calculated using the spin-flip (SF) methodology, EOM-SF-CCSD, using the high-spin (M S = 1) 3 A : . . .(3a ) 2 (16a ) 1 (4a ) 1 reference. These energy gaps were then combined with the EOM-IP-CCSD(dT) VDE corresponding to the triplet state, to yield the aggregate   FIG. 3. The 16a -α (HOMO1) and the 4a -α HOMO of the MG anion from CCSD/aug-cc-pVTZ calculations.
EOM-IP-CCSD(dT)/SF-CCSD predictions for the VDEs to the two singlets.
All of the above EOM studies were single-point calculations using the aug-cc-pVTZ basis set and the CCSD/augcc-pVTZ optimized geometry of the anion described in Figure 2 and Table I . The results are summarized in Table II , alongside the adiabatic EA values determined using the ∆E-CCSD method. The highest-level VDE predictions, i.e., EOM-IP-CCSD(dT)/aug-cc-pVTZ, are boldfaced in Table II and indicated by the green vertical bars overlaying the experimental spectra in Figures 1(a) and 1(b) . The experimental VDE and EA values are also included in Table II for  comparison. The VDE values predicted by the different theoretical methods for the A spectral band (X 1 A state of MG) all fall within or close to the uncertainty range of the experimental result VDE = 1.20(4) eV. The highest-level prediction, 1.192 eV, obtained by the EOM-IP-CCSD(dT)/aug-cc-pVTZ method, is in perfect agreement with the experiment. For transition from the anion to the triplet, the EOM-IP-CCSD(dT)/aug-cc-pVTZ method predicts a VDE of 3.396 eV, compared to the 3.27(2) eV experimental value. The predicted VDE coincides with the second major peak of the B band, rather than the most intense origin peak, as seen in Figure 1(b) . The slight discrepancy may be the result of minor errors in the equilibrium molecular geometries, which were optimized at the CCSD level without the triples corrections.
For detachment to the open-shell singlet, the A 1 A state, the VDE of 3.580 eV predicted by the EOM-IP-CCSD(dT) method, is very close to the observed band C position in Figure 1(b) , VDE = 3.614(9) eV. For all three photodetachment bands (A, B, and C) and the corresponding neutral states (X 1 A , a 3 A , and A 1 A ) , inclusion of the diagonal-triples corrections in the EOM-IP-CCSD calculations significantly improves the agreement with the experiment.
Although the minimum-energy geometry of the A 1 A state was not determined, its nominal electron configuration is the same as for the triplet (a 3 A ), as seen in Table II . Therefore, we expect the A 1 A and a 3 A equilibrium structures to be qualitatively similar to each other, and hence both be similar to that of the anion. The sharp appearance of the C band in Figure 1(b) is consistent with this expectation. Moreover, the observed relative intensities of the B and C bands qualitatively reflect the respective multiplicities of the triplet and singlet states (although the intensity of the C band may also be suppressed by the Wigner effect 34 in the proximity of the spectral cutoff).
C. Franck-Condon simulation of the triplet band
To confirm the assignment of the higher-energy transitions, we performed a Franck-Condon (FC) simulation of the triplet band (a 3 A ← X 2 A ). The primary goal was to verify that the sharp peak labeled C in Figure 1 (b) was separate from the B band and belongs to a different electronic state of MG. The FC procedure was identical to that used previously, 1 with one notable exception: none of the anion-toneutral displacement vectors proved necessary in the present work.
Briefly, the FC simulation was performed using the PESCAL program 32, 33 and the Gaussian-optimized CCSD/aug-cc-pVTZ geometries of the anion and the triplet neutral. The PESCAL-calculated FC intensities were multiplied by an eKE 3/2 pre-factor, accounting for the Wigner-like 34 scaling of the electronic part of the photodetachment cross section near zero eKE. 35 The procedure yielded the stick spectrum shown in Figure 4 . The 0-0 transition energy was set to 3.27 eV, to match the first (most intense) peak of band B in Figure 1(b) . Aside from this energy-scale calibration, no adjustments of the ab initio anion geometry (in order to match the simulation to the experimental spectrum) were necessary. The result in Figure 4 represents the raw, unadjusted FC simulation of the spectrum.
To obtain a smooth simulation, the scaled stick spectrum represented in the speed domain was convoluted with an instrumental resolution function, taken to be a Gaussian of a FWHM = 2 × 10 4 m/s. The width of the instrumental function was determined from O photodetachment under similar experimental conditions. The convoluted speed spectrum was then transformed into the eBE domain using the appropriate Jacobian, and the result is shown in Figure 4 (red), overlaid with the corresponding portion of the experimental photoelectron spectrum (blue).
The FC spectrum accounts for the two major features of band B visible in the experimental spectrum and indicates that the first, most intense peak is indeed the 0-0 transition of the a 3 A ← X 2 A band. It also confirms that the peak labeled C in Figure 1 (b) belongs to a different electronic transition. Its assignment as the A 1 A ← X 2 A band is, therefore, further justified, consistent with the theory predictions described in Sec. IV B.
V. SUMMARY
Using anion photoelectron imaging spectroscopy, we observed and characterized the anion of methylglyoxal and three lowest electronic states of neutral MG: the closed-shell singlet ground state (X 1 A ), the lowest triplet state (a 3 A ) , and the open-shell singlet state (A 1 A ). From ab initio geometry optimizations, the equilibrium geometry of the anion (X 2 A ) and the triplet was found to be similar to each other, while that of the ground-state singlet qualitatively differs from both the anion and the triplet, mainly by a 60 • internal rotation of the methyl group with respect to the molecular frame. Accordingly, the X 1 A ← X 2 A photodetachment transition appears as a broad, congested band, while the triplet band presents as a partially resolved, rather narrow progression, with the most intense peak corresponding to the origin. The geometry of the A 1 A state was not optimized, but based on its nominal electron configuration, we expect the open-shell singlet equilibrium to have a similar structure to that of the triplet, and hence the anion. This expectation is confirmed by the A 1 A ← X 2 A photodetachment transition, which is dominated by a single sharp peak assigned to the transition origin.
From the experimental spectra, the adiabatic electron affinities of methylglyoxal in the ground and excited states were determined for the first time. The electron affinity of the ground state is EA(X 1 A ) = 0.87(1) eV, compared to 1.10(2) eV for the unsubstituted glyoxal molecule. 1 The EAs of the excited states of MG were also determined: EA(a 3 A ) = 3.27(2) eV and EA(A 1 A ) = 3.614(9) eV. Consistent with the past phosphorescence 15 and fluorescence 16 measurements, the results correspond to a 2.40(2) eV adiabatic energy gap between the ground-state singlet and the triplet and a 2.74 (1) eV gap between the closed-shell (X 1 A ) and open-shell (A 1 A ) singlets.
While the anion photodetachment to the a 3 A and A 1 A neutral states produces the neutral species near the respective equilibria, the lowest-energy photodetachment transition involves significant geometry relaxation in the X 1 A state. The corresponding vertical detachment energy is determined experimentally as VDE = 1.20(4) eV, compared to the 0.87(1) eV adiabatic EA of the X 1 A state, yielding a 0.33(4) eV relaxation energy. The above VDE of the X 1 A ← X 2 A band is in excellent agreement with the EOM-IP-CCSD(dT)/augcc-pVTZ prediction of 1.192 eV. Similar agreements are demonstrated for the excited-state transitions.
